While cytoskeletal proteins in the actin family are structurally similar, as filaments they 22 33 dynamics simulations, providing a paradigm for connecting protein filament structure 34 and mechanics to cellular functions. 35 52 53 One such cellular-scale property defined by a bacterial actin homolog is cell shape, 54 which is ultimately dictated by the rigid cell wall, a highly crosslinked mesh of 55 peptidoglycan. During growth, cells actively remodel their cell wall while robustly 56 maintaining their shape 6 . In rod-shaped bacteria such as Escherichia coli, cell-wall 57 synthesis during elongation is regulated by the widely conserved actin homolog MreB 7 , 58 4 which dictates the pattern of insertion of new cell-wall material 8 and thereby maintains 59 rod shape 7,9 . Genetic depletion and chemical inhibition of MreB lead to misshapen cells 60 and eventually cell lysis 10,11 . Many point mutations in MreB alter cell shape in subtle 61 ways, such as changing cell width 12-14 , curvature 15 , or polar morphology 14,16 without 62 affecting viability. In E. coli, MreB forms short filaments that move along the cell 63 periphery 1 , and the localization and movement of these filaments are correlated with cell 64 width 17 . MreB movement is chiral, which induces twist in the cell body during 65 elongation 17,18 . Previous MD studies of Thermotoga maritima MreB (TmMreB) showed 66 that ATP hydrolysis and polymerization affect MreB monomer conformation, which in 67 turn regulates the bending of MreB dimers 19 . The bending of a TmMreB dimer was also 68 altered in silico by binding the membrane protein RodZ, which directly interacts with 69 MreB and tunes cell shape 20 . In E. coli, MreB forms antiparallel double protofilaments 5 70 that can deform membranes 21 , and the double protofilament conformation is essential 71 for rod-shape maintenance in E. coli 5 . However, it remains obscure how molecular-level 72 changes in MreB connect to the biophysics of the double protofilament structure, and to 73 the functions of MreB in vivo. 74 75 In this study, we exploited the recent solution of a crystal structure of a double 76 protofilament of Caulobacter crescentus MreB 5 (CcMreB) to uncover the connection 77 between MreB structural dynamics in silico and filament conformation in vivo. We 78 performed all-atom MD simulations for each step during CcMreB filament assembly 79 (Fig. 1), from monomers to single protofilaments, and then to double protofilaments with 80 or without a membrane. Simulations of double protofilaments revealed a new left-81 5 handed twisting conformation in ATP-bound double protofilaments. The degree of 82 twisting was reduced when the double protofilaments were bound to ADP or a 83 membrane, and binding to a membrane induced membrane curvature mimicking that of 84 bacterial cells. We used our MD simulations to extract parameters relevant for coarse-85 grained analyses of membrane-bound MreB double protofilaments, from which we 86 established a connection between intrinsic twisting and filament limit length, which we 87 verified in vivo with E. coli MreB mutants. Taken together, our results link the molecular-88 scale behaviors of MreB to cellular phenotypes in E. coli, providing a paradigm for 89 connecting protein structure to cellular function across disparate length scales. 90 6 Results 91 92
act as critical components of diverse cellular processes across all kingdoms of life. In 23 many rod-shaped bacteria, the actin homolog MreB directs cell-wall insertion and 24 maintains cell shape, but it remains unclear how structural changes to MreB affect its 25 physiological function. To bridge this gap, we performed molecular dynamics 26 simulations for Caulobacter crescentus MreB and then utilized a coarse-grained 27 biophysical model to successfully predict MreB filament properties in vivo. We 28 discovered that MreB double protofilaments exhibit left-handed twisting that is 29 dependent on the bound nucleotide and membrane binding; the degree of twisting 30 determines the limit length and orientation of MreB filaments in vivo. Membrane binding 31 of MreB also induces a stable membrane curvature that is physiologically relevant. 32 Together, our data empower the prediction of cytoskeletal filament size from molecular Introduction 36 The actin and tubulin families of cytoskeletal proteins constitute essential components 37 of cellular physiology in virtually all bacteria, archaea, and eukaryotes. Despite 38 structural similarities within each of the two families, their primary functions span a 39 diverse range of processes including cell morphogenesis 1 , division 2,3 , and DNA 40 segregation 4 . In bacteria, many of these cytoskeletal proteins form filaments that are 41 highly dynamic in vivo. Structural tools such as X-ray crystallography and cryo-electron 42 microscopy have elucidated various filament structures within the bacterial actin family, 43 including anti-parallel, straight double protofilaments of MreB 5 , single, polar polymers of 44 FtsA 3 , and bipolar, anti-parallel filaments of ParM 4 , suggesting that filament 45 conformations are highly tunable and have been selected for particular physiological 46 functions over evolutionary time. However, the links between the conformational dynamics of these proteins in vivo and the molecular mechanisms by which they 48 regulate cell physiology remain undiscovered. Molecular dynamics (MD) simulations are 49 a powerful tool for identifying protein structural dynamics and filament mechanics at 50 atomic resolution, providing key information to map filament properties from the protein 51 to the cellular scales.
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TmMreB but a similar opening angle 19 . To interrogate this difference, we performed new 114 simulations using ATP-bound TmMreB, and obtained results consistent with our 115 previous study (Fig. S1d, e) 19 . Therefore, although CcMreB and TmMreB are structurally 116 similar, they likely adopt different conformations upon nucleotide binding. Such 117 observations may relate to polymeric differences observed in vitro, wherein TmMreB 118 formed straighter protofilaments on rigid lipid tubes than CcMreB 5 . 119 120 We next asked how MreB conformation in silico is affected by the MreB inhibitor S-(3, 4-121 dichlorobenzyl) isothiourea (A22) by performing MD simulations with MreB bound 122 simultaneously to both ATP and A22 (Methods). Although A22 is known to perturb cell 123 morphology in vivo by targeting the active site of MreB 15,22 , the molecular mechanism of 124 action is still obscure. In our simulations, A22 did not affect the MreB monomer opening 125 angle, and only slightly increased the dihedral angle ( Fig. 2c ). Thus, our results suggest 126 that A22 does not directly affect MreB monomer conformation and is unlikely to alter the 127 ATP-binding pocket, consistent with other studies proposing that A22 blocks phosphate 128 release rather than inhibiting ATP hydrolysis 5,23 .
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We next sought to study the conformational changes in single protofilaments with two 159 CcMreB subunits ("2x1 protofilaments") by analyzing the relative movements of the (+) 160 and (-) subunits in the dimer ( Fig. 2a,d ). We simulated CcMreB 2x1 protofilaments with 161 both subunits bound to ATP or ADP, and quantified their relative orientation changes by 162 calculating the Euler angles that characterize the three orthogonal modes of rotation 163 around the x, y, and z axes ( Fig. 2d(i) ): θ1 and θ2 characterize bending into the 164 membrane surface and inter-protofilament surface, respectively ( Fig. 2d(ii, iii) ), and θ3 165 characterizes twisting along the protofilament ( Fig. 2d(iv) ). We defined all three Euler 166 angles to be zero in the crystal structure ( Fig. 2d(i) ). A stable membrane-binding 167 double-protofilament conformation requires θ1 to be negative and θ2 to be approximately 168 zero to avoid steric clashes ( Fig. 2d(ii,iii) ). We found that the largest changes in our 169 simulations occurred in the bending angles ( Fig. 2e, Fig. S1j,k) , whereas no systematic 170 protofilament twisting was observed (Fig. S1l ). The bending angles were also 171 nucleotide-dependent, with ATP-bound protofilaments exhibiting larger bending angles 172 than ADP-bound protofilaments ( Fig. 2e Considering the double protofilament structure and the membrane binding interface 176 ( Fig. 2d (ii,iii)), both bending angles observed in our 2x1 protofilament simulations are 177 unlikely to occur in a double-protofilament architecture. A non-zero θ2 would destabilize 178 the inter-filament interface ( Fig. 2d(iii) ) and split the double protofilament. Positive θ1 179 corresponds to bending toward the membrane surface ( Fig. 2d along θ2, which would disrupt the symmetry and stability of a double protofilament, 198 twisting (θ3) was prominent in the double protofilament ( Fig. 3c, Fig. S2c ). In all 4x2 199 protofilament simulations, left-handed twisting was observed. Interestingly, in water, an 200 ATP-bound double protofilament twisted more (10.3±2.1°, mean±S.D. from Gaussian 201 fitting of last 40 ns of simulation) than an ADP-bound double protofilament (4.2±2.0°), observations on bending and twisting were not artefacts due to limited filament size, we 205 performed a larger simulation with eight ATP-bound MreB doublets in water (an 8x2 206 protofilament). In this 60-ns simulation, changes in bending and twisting angles 207 matched our observations in 4x2 protofilaments ( Fig. S2d-f , Movie S1). To verify that 208 the double-protofilament twist was not unique to CcMreB, we constructed a homology 209 model of E. coli MreB (Methods), and found that EcMreB exhibited quantitatively similar 210 left-handed twisting in simulation ( Fig. S2g ). Thus, higher-order oligomerization can 211 dramatically alter the biophysical properties of MreB filaments.
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A twisted double protofilament is not compatible with binding to a flat membrane. To 214 address this incompatibility, we performed MD simulations of 4x2 protofilaments in the 215 presence of a membrane patch (Fig. 3b ). Membrane binding reduced twist in ATP-216 bound double protofilaments but did not affect the less-twisted ADP-bound structures 217 ( Fig. 3c ). To test the hypothesis that membrane binding suppresses twisting in ATP-218 bound double protofilaments, we took the twisted protofilament structure from the end of 219 an ATP-bound 4x2 protofilament simulation in water, and placed it ~10 Å away from a 220 membrane patch. Within 120 ns, the filament untwisted from one end to the other ( Fig.   221 3d, Movie S2), effectively "zippering" into the membrane. The decrease in twist angle 222 from each doublet was accompanied by an increase of buried SASA in the protein-223 membrane interface, indicative of stronger MreB-membrane interactions (Fig. 3e,f We further asked whether membrane binding alters the stability of the double 228 protofilament conformation, as quantified by the distances between the interacting V118 229 residues within each MreB doublet ( Fig. S2h ), which are essential for forming a double-230 protofilament structure 5 . For both ATP-and ADP-bound double protofilaments, our 231 simulations in water exhibited increased distances between V118 residues in the first 60 232 ns ( Fig. S2i ), suggesting a destabilized double protofilament interface. In contrast, 233 membrane-associated simulations maintained short V118 distances ( Fig. S2i ), 234 indicating more stable double protofilaments. Therefore, membrane binding potentially 235 stabilizes the double-protofilament structure. 238 The distinct structures of MreB double protofilaments when bound or unbound to a 239 membrane patch and the lack of complete untwisting when membrane-bound ( Fig. 3c ) 240 indicated that membrane binding introduced strain into the MreB filaments that may 241 affect membrane conformation. In our simulations, the membrane started flat, but after 242 60 ns, the membrane bent toward the MreB protofilaments ( Fig. 3g ). In rod-shaped 243 bacterial cells, the membrane also bends toward MreB filaments, forming a curvature 244 dictated by the cell width ( Fig. 4h ). We computed the curvature at the center of the 245 membrane patch along the protofilament direction and found that the membrane 246 curvatures for all 4x2 protofilament membrane simulations were ~5 µm -1 ( Fig. 3i ), on the 247 same scale as the membrane curvature of a rod-shaped bacterial cell that is ~0.8 µm in 248 width (~2.5 µm -1 ). To validate that the observed membrane curvature changes were related to the twisted 251 nature of 4x2 protofilaments, we performed simulations of 2x1 protofilaments in the 252 presence of a membrane patch as a control. The membrane patches bound to 2x1 253 protofilaments were more variable and did not exhibit a characteristic curvature 254 throughout the simulation (Fig. S2j) 260 We hypothesized that since many MreB mutations alter cell shape, they potentially also 261 induce altered intrinsic twist and membrane interactions as a double protofilament. We 262 identified four MreB mutants that were reported to cause a range of alterations to E. coli 263 cell shape, with the corresponding residues conserved between CcMreB and EcMreB: 264 R124C 24 , E276D 20 , A55V 14 , and I141V 14 . The four mutated residues are spread across 265 the MreB structure ( Fig. 4a ), and thus potentially alter MreB function in different 266 manners.
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Double protofilaments induce physiologically relevant membrane curvatures
268
We first performed all-atom MD simulations for each of the corresponding CcMreB 269 mutants bound to ATP in a 4x2 protofilament configuration in water. All mutants 270 exhibited similar bending ( Fig. S3a,b ), but differed widely in twisting angles compared to less than wildtype, whereas V53A (V55A in EcMreB) and I138V (I141V in EcMreB) 273 exhibited more twist (Fig. 4b, Fig. S3c ).
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We then asked whether these mutants also exhibit differential twisting when membrane-276 bound by simulating 4x2 protofilaments of R121C and V53A in proximity to a membrane 277 patch. These two mutants were selected because they exhibited the smallest and the 278 largest intrinsic twisting in our MD simulations in water, respectively ( Fig. 4b ). Despite 279 the large differences in intrinsic twisting of these mutants in water, they behaved 280 similarly when bound to a membrane, where twist angles were suppressed down to 281 similar levels as wild-type MreB ( Fig. S3d-f ). Therefore, genetic perturbations can 282 modulate the intrinsic twist of MreB double protofilaments without disrupting the ability 283 of MreB to form stable membrane-binding complexes or to maintain rod-shaped growth. 284 However, to untwist a highly twisted filament costs more energy compared to a less 285 twisted filament, which potentially alters the conformation or orientation of membrane-286 bound MreB in vivo.
288
The membrane protein RodZ directly interacts with MreB 25 and is essential for rod-289 shape maintenance 26 . E. coli cells actively tune the stoichiometry of MreB and RodZ as 290 a function of growth rate and growth phase 20, 27 , and changes in the MreB:RodZ ratio 291 alter the localization pattern of MreB and cellular dimensions 20 . We previously showed 292 that RodZ binding and MreB mutations that complement the loss of rod-like shape in 293 ∆rodZ cells both alter the mechanics of single TmMreB protofilaments in vivo 20 . 294 Therefore, we hypothesized that RodZ binding also affects MreB double-protofilament conformations. We constructed a homology model for the cytoplasmic tail of C. 296 crescentus RodZ from the co-crystal structure of T. maritima RodZ and MreB (PDB ID: 297 2UWS) 25 , and aligned it to the RodZ-binding interface for each of the subunits in a 4x2 298 CcMreB protofilament (Methods). We then performed all-atom MD simulations of the 299 system in water, and found that while RodZ binding did not substantially change either 300 of the bending angles in a double protofilament ( Fig. S3g,h) , it significantly reduced the 301 twisting angle of MreB ( Fig. 4c, Fig. S3i ). As the ratio of MreB and RodZ in E. coli cells 302 varies from ~10:1 to ~4:1 depending on growth conditions 20 , our simulations suggest 303 that RodZ abundance actively regulates MreB filament conformation in vivo 20 . vivo? To answer this question, we utilized a coarse-grained model 28 in which an MreB 319 double protofilament is represented as a beam, with its bending and twisting stiffness 320 extracted from our all-atom MD simulations (Methods). Considering that the large turgor 321 pressure across the bacterial cell envelope (~1 atm 29 ) forces the membrane to adopt a 322 shape matching that of the cell wall, we treated the membrane as a rigid cylindrical 323 surface. We calculated the Hamiltonian for an infinitely long MreB beam with intrinsic 324 twist and bend 28 , and identified the local twist and bend angles that minimize its energy 325 (Methods, Fig. 4d ). Intuitively, in the presence of a binding interaction between the 326 filament and the membrane, a twisted filament can gain binding energy by untwisting so 327 that more of its membrane-binding interface can bind the membrane, but the untwisting 328 process also accumulates bending and twisting energy. Therefore, competition between 329 membrane binding and filament mechanics ultimately determines the minimal-energy 330 conformation, which involves periodic flat (untwisted) domains along the filament that 331 are bound to the membrane 28 . For an infinitely long filament, these flat regions are 332 separated by short regions of unbinding that introduce a local twist of 2π ( Fig. 4e ), 333 relieving the accumulated twist energy. However, in a protein filament with a finite 334 subunit-subunit interaction energy, it could be energetically more favorable to introduce 335 a break in the filament rather than retain a twist wall between successive flat regions 336 that cannot bind to the membrane. The energetic cost for breaking an MreB filament 337 (i.e. eliminating two intrafilament monomer bonds) can be roughly estimated as the 338 energy of hydrolyzing two ATP molecules (~40 kBT). This cost can easily be 339 compensated for by the ensuing membrane binding of the twist regions, as the twist regions are generally tens of nm long ( Fig. 4e ) and contain ~40 MreB monomers, each 341 with an affinity of ~10 kBT 30 . Thus, since it is energetically favorable for the twist walls to 342 be absent, leaving only finite flat regions bound to the membrane, we predicted that 343 MreB filament lengths in vivo are limited to be shorter than each flat domain.
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The coarse-grained model predicts that the limit length of MreB filaments should 346 decrease with increasing intrinsic twisting ( Fig. 4f) . Similarly, the local pitch angle θ (Fig. 347 4d) balances between filament bending and twisting: with a pitch angle of 90°, the 348 filament fully untwists but largely preserves bending; when the pitch angle deviates from 349 90°, the filament reduces bending while remaining somewhat twisted. Therefore, from 350 an energetic point of view, our coarse-grained model predicts that the intrinsic twisting 351 in an MreB filament (which we define to be 90% of the limit length) causes its orientation 352 to deviate from the perfect circumferential direction (pitch angle θ = 90°) ( Fig. 4f ). We 353 further performed sensitivity analyses by altering the parameters that affect filament 354 conformation 28 . For instance, by varying the intrinsic bending k, we find that the limit-355 length predictions are largely unaffected, whereas larger values of k lead to pitch angles 356 closer to 90° ( Fig. 4f ). Similarly, altering the ratio of bending and twisting moduli (C/K) 357 changes the pitch angle but not limit length ( Fig. S3j ), while decreasing membrane 358 binding potential decreases the limit length without affecting the pitch angle ( Fig. S3k ). 359 Notably, despite variation in the predicted values across parameters, our model 360 generally predicts that larger intrinsic twist leads to short filaments with larger pitch 361 angles. To verify the results of our coarse-grained model, we experimentally constructed E. coli 364 strains expressing the MreB mutants ( Fig. 4a ) with a sandwich fusion of monomeric 365 super-folder green fluorescent protein (msfGFP) 31 as the sole copy of MreB. To quantify 366 the shape and size of the MreB filaments, we imaged each strain using super-resolution 367 structured illumination microscopy (Methods). In wild-type cells, MreB formed short 368 filaments with a limit length of ~200-300 nm (Fig. 4g ), approximately consistent with the 369 prediction of our coarse-grained model (Fig. 4f) . The E276D and R124C mutants clearly 370 contained much longer filaments that spanned roughly half the cell periphery, whereas 371 V55A and I141V had very short MreB filaments ( Fig. 4g ). We quantified the distribution 372 of MreB patch areas in each mutant as a proxy for filament length, and indeed E276D 373 and R124C had larger MreB patches than wildtype, and V55A and I141V had smaller 374 patches ( Fig. 4h ). We used the 99 th percentile of patch size as an approximation for 375 filament limit length in each mutant, and found that it was highly negatively correlated 376 with the twisting angles we observed in all-atom MD simulations ( Fig. 4h, Discussion 386 Here, we used MD simulations to reveal a new twisted double-protofilament 387 conformation of CcMreB ( Fig. 3c ) and EcMreB (Fig. S2g ). We determined that twisting 388 is regulated by various factors including the binding nucleotide ( Fig. 3c ), the membrane 389 ( Fig. 3c ), genetic perturbations (Fig. 4b) , and regulatory proteins (Fig. 4c ). While molecular-level mechanism for the origin of chirality ( Fig. 3c) , with handedness that is 408 consistent with that of single-cell twisting in E. coli 17, 18 . Further understanding of the 409 emergence of asymmetry and MreB twisting will benefit from recent advances in protein 410 design 37 . The design of MreB mutants with various intrinsic twists can be directly tested 411 in vivo to further probe the connections between molecular twisting and single-cell energetically favored for the filament to break at the twisted regions and thereby 563 form only flat fragments, so we predict that the extent of a flat domain sets the 564 limit length of a membrane-bound filament. 565 f) The coarse-grained model predicts that filaments with larger intrinsic twisting 566 have shorter limit length. Similarly, the coarse-grained model predicts that the 567 orientation of a short filament (90% of the corresponding limit length) deviates 568 more from 90° as the intrinsic twist increases. Increasing the intrinsic bending k 569 did not affect the limit length, but reduced the pitch angle to be closer to 90°. The centers-of-mass of the four subdomains of each protein subunit were obtained 627 using VMD, excluding the amphiphilic helix (residues 1 to 8). For each time step, we 628 calculated one opening angle from the dot product between the vector defined by the 629 centers-of-mass of subdomains IIA and IIB and the vector defined by the centers-of-630 mass of subdomains IIA and IA. Similarly, we calculated a second opening angle from 631 the dot products between the vectors defined by the centers-of-mass of subdomains IA 632 and IB and of subdomains IA and IIA. The opening angles we report are the average of 633 these two opening angles (Fig. 2b, left) . The dihedral angle was defined as the angle 634 between the vector normal to a plane defined by subdomains IA, IB, and IIA and the 635 vector normal to a plane defined by subdomains IIB, IIA, and IA (Fig. 2b, right) . where L is the total length of the filament, θ and ψ are the local tilt and twist angles, 683 respectively, r is radius of the cell, C is the bending modulus of the filament, K is the 684 torsional modulus, V is the membrane binding potential, and k0 and ω0 are the intrinsic 685 bending and twisting of the filament, respectively. Parameter values are listed in Table   686 S2. 687 36 688
Coarse-grained simulations
The total energy per unit length was minimized for an infinite-length filament bound to 689 an infinitely long cylinder by searching for solutions that are periodic over an arc 690 distance l. The boundary conditions were set to be 691 (0) = 0, ( ) = 2 .
692
The Hamiltonian was then minimized with respect to θ, ψ, and l, yielding both the 693 equilibrium period l and the equilibrium filament shape described by θ and ψ. . 710 Results were assessed to have converged after ~10 7 Monte Carlo steps, as defined by 711 energy fluctuations lower than 1% of the minimized energy across the last 10 4 steps. 712 The corresponding period l leading to the minimized energy was identified using a 713 Golden-section search. Twenty independent replicate simulations were carried out for 714 each parameter set to ensure that a global minimum was reached. Strains used in this study are listed in Table S3 . All strains were grown with aeration at 730 37 °C in LB medium (10 g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl Chem. Phys. 97, 1990 -2001 (1992 Graph. 14, 33-38, 27-28 (1996 
